1. Introduction {#sec1}
===============

Autoimmune regulator (AIRE) is an important transcriptional regulator that is mainly expressed in medullary thymic epithelial cells (mTECs) in the central immune system. AIRE can maintain central immune tolerance, since AIRE clears auto-reactive T cells and induces Treg production by regulating the expression of peripheral tissue-specific antigens (TSAs) in mTECs \[[@B1]\]. Mutations in AIRE cause autoimmune polyglandular syndrome type 1 (APS-1), also known as autoimmune polyendocrinopathy-candidiasis-ectodermal dystrophy (APECED). APS-1 is mediated by autoimmune responses and is characterized by multiple-organ injury; clinically, it appears as an autoimmune disease with polyglandular failure \[[@B2]\]. However, increasing evidence indicates that AIRE is also expressed in peripheral lymphoid organs and tissues. Stromal cells in the peripheral spleen and lymph node tissues, the embryonic liver, testis, and ovarian tissues, and haematogenic monocytes/macrophages and dendritic cells have all been shown to express AIRE \[[@B3]\]. Although the number of studies on the function of AIRE in peripheral tolerance has gradually increased, the roles and significance of AIRE in peripheral tolerance are not yet clear \[[@B4]\]. This study will review the AIRE protein structure, the distribution of peripheral AIRE expression, and the role of AIRE in peripheral immune tolerance.

2. Tissue and Cellular Distributions of AIRE {#sec2}
============================================

AIRE expression has been detected in tissues and cells from different locations in humans and mice. AIRE is mainly expressed in the thymus, and the expression of both RNA and protein has been detected. The expression is most prominent in mTECs \[[@B5], [@B6]\], although low levels of AIRE expression have been detected in myeloid dendritic cells (DCs) \[[@B7]\]. In addition, in situ hybridization and reverse-transcription polymerase chain reaction (RT-PCR) studies have detected AIRE mRNA expression in stromal cells in peripheral spleen and lymph node tissues and in embryonic liver, testis, and ovarian tissues \[[@B5]\]. Our study on the tissue and cellular distributions of peripheral AIRE showed that AIRE was expressed in peripheral immune organs (spleen and lymph nodes), reproductive organs (testis and ovary), bone marrow-induced DCs, peripheral blood mononuclear cells (PBMCs), and spleen DCs \[[@B8]\].

Regarding peripheral AIRE expression, the results of studies are not completely consistent. For instance, Halonen et al. detected strong AIRE expression in the lymph nodes and spleen of NRMI mice at both the RNA and protein levels; it was also detected in the bone marrow, peripheral blood cells, and ovaries \[[@B9]\]. Adamson et al. performed immunohistochemistry in inbred C57BL/6J and inbred CD1 mice and found strong protein staining in the spleen, lymph node, intestinal, gonad, and brain tissues and in epithelial cells in the lung, kidney, and oviduct, which was consistent with the RNA results \[[@B3]\]. Heino et al. reported the presence of AIRE mRNA in the thymus, lymph nodes, spleen, and other peripheral tissues in normal BALB/c mice; however, they did not detect AIRE protein expression in any tissue other than the thymus \[[@B7]\]. In humans, peripheral AIRE mRNA has been detected in the lymph nodes, tonsils, intestinal-associated lymphoid tissues, spleen, foetal liver, and PBMCs \[[@B10]--[@B13]\]. Heino et al. observed AIRE staining in the thymus medulla, paracortex zone, lymph nodes, spleen, and foetal liver medulla \[[@B12]\]. Poliani et al. also confirmed the presence of the AIRE protein in adult lymph nodes; however, the presence of the AIRE protein was not detected in many other peripheral tissues \[[@B10]\].

As mentioned above, the expression of AIRE in the periphery is still controversial. Given the differences of tissue origin and techniques used in these studies, there may be three aspects responsible for the inconsistent results. Firstly, if one considers the sensitivity of detection methods, taking the level of mRNA for instance, northern blot (NB) is unsuitable to detect AIRE mRNA even in the thymus. In contrast, researchers prefer RT-PCR or in situ hybridization (isH). In addition, in searching for the AIRE protein, when it comes to the accuracy of the detective Abs, greater accuracy comes from the use of monoclonal anti-AIRE Abs rather than polyclonal Abs. Last but not the least, the detection of AIRE mRNA in nonlymphoid organs remains questionable and could be due to the presence, in bulk tissue samples, of few AIRE-expressing cells (for example, elements of the monocyte/DC lineage) ordinarily inhabiting the organs or contaminating the preparations. In summary, it is best to use the monoclonal anti-AIRE Abs, especially if joined to other methods, such as flow cytometry, which can improve the purity of the cell samples \[[@B14]\].

At the cellular level, peripheral AIRE expression mainly occurs in one group of cells with a phenotype similar to DCs. Heino et al. showed that 10--20% of the AIRE-expressing cells in human lymph nodes expressed CD83, which was consistent with the DC phenotype \[[@B12]\]. Poliani et al. confirmed that these cells in human lymph nodes were CD45-negative DCs \[[@B10]\]; in addition, real-time polymerase chain reaction (PCR) showed that these cells expressed RNAs encoding indoleamine 2,3-dioxygenase (IDO) and interleukin- (IL-) 10 and that the expression of these molecules was consistent with the tolerance maintenance function \[[@B15]\]. Moreover, Suzuki et al. tested the AIRE expression in human peripheral B and T cells and CD14^+^ myeloid cells at the mRNA and protein levels. Based on the size and CD65 expression condition of these cells, Suzuki et al. classified these CD14^+^ cells as DCs/macrophages \[[@B13]\]. Zheng et al. compared the AIRE expression in CD11c^+^, CD11c^−^, and total splenocytes and used the enrichment and elimination of CD11c^+^ cells to detect changes in AIRE mRNA expression; their results confirmed that DCs were the major AIRE-expressing cells in the spleen \[[@B16]\]. Poliani et al. used double immunostaining to describe the properties of AIRE^+^ cells in human lymph nodes \[[@B10]\]. The results showed that AIRE^+^ cells always co-expressed HLA-DR and fascin and usually expressed the myeloid DC markers CD11c and S100. In addition, these cells strongly expressed antigens of activated or mature DCs, such as CD40, CD208/DC-LAMP, CCR7, and CD83. Interestingly, all of the double-positive immunostaining results showed that the AIRE^+^ cells exhibited obvious dendritic morphology. Overall, these data indicated that lymph node AIRE^+^ cells represented one subset of interdigitating DCs with the mature/activation phenotype. The above evidence indicated that AIRE-expressing cells in human peripheral tissues were mainly a type of DC subset.

In summary, AIRE is thought to be mainly expressed by mTECs in the thymus and by one type of DC subset in the peripheral lymphoid tissues.

AIRE in cells mainly shows a scattered, speckled distribution in the cell nuclei, which conforms to the transcriptional regulatory function of AIRE in cells. Therefore, AIRE may directly regulate gene expression in the thymus. Endogenous AIRE is only observed in the puncta pattern and it co-localizes with CBP \[[@B17], [@B18]\]. In transfected cells, AIRE has two expression patterns: a punctate nuclear pattern along the cytoskeleton and a fibrous staining pattern \[[@B7], [@B9], [@B18]\]; AIRE mutants in patients were transfected into COS-1 cells and the results showed that mutations of AIRE are associated with changes in these staining patterns \[[@B19], [@B20]\]. The distribution of AIRE expression suggests that this protein plays a role in the induction and maintenance of immune tolerance that cannot be ignored \[[@B21]\].

3. The Function of AIRE in Peripheral Immune Tolerance {#sec3}
======================================================

3.1. Eliminating Auto-Reactive T Cells through Regulation of TSA Expression {#sec3.1}
---------------------------------------------------------------------------

Similar to the function in thymic mTECs, AIRE transcriptionally regulates the expression of various TSAs in peripheral lymphoid organs. Gardner et al. studied extra-thymic AIRE-expressing cells (eTACs) in the AIRE-driven Igrp-GFP (Adig) mouse model and detected IGRP expression driven by AIRE in AIRE^+^ mTECs and eTACs in the Adig mice \[[@B22]\]. When islet-specific glucose-6 phosphatase-related protein- (IGRP-) specific CD8^+^ T cells were transferred into the Adig mice, eTAC directly delivered IGRP to these T cells to stimulate the proliferation and death of IGRP-specific CD8^+^ T cells. Therefore, similar to AIRE-expressing mTECs, eTACs can induce tolerance through the clearance of auto-reactive CD8^+^ T cells. In addition, eTACs express different tissue-specific antigen sets than AIRE-expressing mTECs do. AIRE regulates 163 genes in eTACs and 1835 genes in mTECs; however, only 7 overlapping genes are regulated by both peripheral and thymic AIRE. Through the peripheral expression of different TSA groups, eTACs can lead to the tolerance of central antigen-specific T cells that have not been cleared \[[@B22]\]. Some studies have also shown that unlike AIRE-expressing mTECs, eTACs can receive cues from and/or play an important role in local immune responses \[[@B23], [@B24]\].

Some studies have shown that AIRE expression in DCs does not seem to influence the expression of TSAs, because there were minimal differences in the gene-expression profiles of AIRE-WT and AIRE-KO mice \[[@B22], [@B25], [@B26]\]. However, other studies have confirmed that AIRE-expressing DCs in splenocytes promote the expression of the type I diabetes mellitus- (T1D-) associated antigen insulin II (Ins2) \[[@B25], [@B27]\]. In addition, studies from our group showed that AIRE significantly up-regulated the mRNA expression levels of Ins2, glutamate decarboxylase 65/67 (GAD65/67), insulinoma-associated protein 2 (IA-2), IGRP, retinol-binding protein 3 (Rbp3), salivary protein 1 (Spt1), pyrin domain containing 5 (Nalp5), and mylin-oligodendrocyte glycoprotein (Mog) in AIRE-overexpressing bone marrow-derived dendritic cells (BMDCs), DC2.4 cells, and RAW264.7 cells. In AIRE^−/−^ BMDCs, the expression levels of Ins2, GAD65/67, IA-2, IGRP, Rbp3, Spt1, Nalp5, Mog, and major urinary protein-1 (MUP1) were significantly lower than those in the wild-type- (WT-) BMDC group; in addition, desmoglein 1 alpha (Dsg1a) and ladinin 1 (Lad1) were not expressed in the AIRE^−/−^ BMDCs. These results indicated that AIRE up-regulated the expression of various TSAs in the dendritic cell line DC2.4, the macrophage cell line RAW264.7, and primary bone marrow DCs, whereas the expression of various TSAs was absent in BMDCs from AIRE^−/−^ mice \[[@B21], [@B28], [@B29]\].

In summary, the ectopic expression of AIRE in eTACs and APCs can up-regulate the expression of various TSAs, which is similar to the central function. These results suggest that AIRE may regulate TSA expression in eTACs and APCs to clear peripheral auto-reactive T cells and participate in immune tolerance.

3.2. Influencing the Antigen-Presenting Ability of APCs by Regulating TLRs and MHC II {#sec3.2}
-------------------------------------------------------------------------------------

Regulation of Toll-like receptors (TLRs), MHC II molecules, and CD86 expression in APCs by AIRE may influence the signals of the interaction between APCs and T cells to affect the antigen-presenting function of the APCs \[[@B8]\].

TLRs are an important type of PRR that are mainly expressed on APCs and can selectively recognise components of pathogenic microorganisms. Currently, 11 human TLRs and 13 mouse TLRs have been identified that can recognise different antigenic epitopes of different pathogenic microorganisms as well as senescent and sick cells \[[@B30]\]. TLRs have two main functions. First, they recognise different pathogens and promote innate and specific immune responses to exert the immune defence function. Second, they promote immune homeostasis via the recognition and clearance of senescent and sick cells \[[@B31]\].

Based on these TLR functions, we speculated that AIRE expressed in APCs might influence TLR expression to further affect the recognition of pathogenic microorganisms, senescent cells, or sick cells by TLRs. Therefore, our previous studies evaluated TLR expression ([Figure 1](#fig1){ref-type="fig"}). By establishing a stable AIRE-expressing cell model in the mouse macrophage cell line RAW264.7, the expression of TLRs in cells was first detected. The results showed that in the stable AIRE-expressing RAW264.7 cells, the expression of TLR1, TLR3, and TLR8 increased, especially that of TLR8. In addition, the mRNA expression levels of TLR1, TLR3, and TLR8 increased in mouse peritoneal macrophages with transient AIRE expression. Our results suggested that AIRE might influence macrophages to recognise the nucleic acids of pathogens, senescent cells, or sick cells by regulating TLR expression in macrophages \[[@B31]\]. Next, our group performed in-depth studies of the mechanisms underlying the regulation of TLR expression by AIRE. After DNA-PKcs silencing, TLR1, TLR3, and TLR8 expression was down-regulated in macrophages transiently transfected with pEGFPC1/AIRE. The luciferase reporter gene assay results showed that the transcriptional activities of the TLR1, TLR3, and TLR8 promoters were decreased in the GFP/AIRE RAW cells after DNA-PKcs silencing \[[@B32]\]. These results showed that AIRE could collaborate with DNA-PKcs to up-regulate the expression of TLR1, TLR3, and TLR8 in macrophages. These studies suggested that DNA-PKcs and AIRE interacted to regulate TLR expression. In addition, stimulation by the TLR1 and TLR3 ligands increased the expression of the corresponding downstream target gene products to change the recognition ability of macrophages for pathogens during antigen presentation \[[@B31]\] and played important roles in the maintenance of peripheral immune tolerance.

In addition to macrophages, some reports showed that the antigen-presenting function of DCs alerted. One study showed that the antigen-presenting ability of DCs from APS-1 patients changed compared with that in the control group \[[@B11], [@B25]\]. Some reports also showed that the antigen-presenting ability of DCs from AIRE^−/−^ mice changed \[[@B33]\]. However, other researchers could not confirm this conclusion \[[@B34]\]. Sun et al. reported that TLR3, TLR7, and TLR8 were up-regulated in AIRE-overexpressing DC2.4 cells \[[@B35]\]. The study of AIRE^+/+^ DCs and AIRE^−/−^ mouse DCs also showed that AIRE maintained the low expression of co-stimulatory molecules and MHC II molecules in BMDCs to exert its immune tolerance function \[[@B29]\].

Based on the results described in the above two paragraphs, it can be inferred from studies on macrophages and dendritic cells that AIRE can regulate the expression of TLRs and surface molecules in APCs. From a functional perspective, AIRE will influence the antigen-presenting ability of APCs and play an important role in peripheral immune responses. In addition, since most of the above are *in vitro* experiments, further studies are needed to confirm this hypothesis.

3.3. Mediating DC-Activated T Cells by Influencing the Maturation Status of DCs {#sec3.3}
-------------------------------------------------------------------------------

DCs can be divided according to their maturation status into mature and immature types. These two types have different cell phenotypes. In addition, DCs at different maturation states can have different effects on T cells. Mature DCs induce effective immune responses via the expression of co-stimulatory molecules and high levels of MHC II molecules, whereas immature DCs usually exert immune suppressive functions because they lack co-stimulatory molecules and have low levels of MHC II molecule expression.

Our study showed that AIRE down-regulated MHC II molecules and the co-stimulatory molecule CD86 to reduce the antigen-presenting ability of APCs, influence cell activation, and maintain the stable status of peripheral immune tolerance. In contrast, when AIRE expression is defective or abnormal, its inhibitory function on MHC II and CD86 may be reduced to boost the function of APCs and activate T cells, resulting in an enhancement of immune responses and the development of autoimmune diseases. The study by our group on the expression of co-stimulatory and MHC II molecules in BMDCs showed that the expression of CD40, CD86, and MHCII molecules was significantly lower in AIRE-BMDCs than it was in GFP-BMDCs \[[@B28]\] and that the expression of CD40, CD80, CD86, and MHCII molecules was significantly higher in the AIRE^−/−^ BMDCs than it was in the WT BMDCs \[[@B29]\] ([Figure 1](#fig1){ref-type="fig"}). These results indicated that AIRE maintained the low expression levels of co-stimulatory molecules in BMDCs to exert its immune tolerance function. Another study showed that the enhanced ability of peripheral DCs to activate T cells and increase T cell proliferation in AIRE^−/−^ mice might be caused by the abnormal expression of the co-stimulatory molecule VCAM-1 in AIRE^−/−^ mice \[[@B33]\].

In summary, AIRE can affect DCs by regulating their maturation status to induce the conditions required for T cell activation, regulate the activation status of T cells, and maintain peripheral immune tolerance.

3.4. Regulating Immune Responses by Inducing T Cell Tolerance and Differentiation {#sec3.4}
---------------------------------------------------------------------------------

In central tolerance, AIRE-expressing mTECs promote the clearance or inactivation of auto-reactive T cells through two possible pathways. The first occurs through negative selection, in which AIRE enhances the clonal deletion of auto-reactive thymocytes. The second is mediated by positive selection, in which AIRE promotes the clonal induction of the regulatory T cell (Treg) phenotype in thymocytes \[[@B34], [@B36]\]. This condition is also present in peripheral tolerance.

Our group co-cultured streptozotocin-induced type 1 diabetes (STZ-T1D) or WT mouse-derived splenocytes with either control or AIRE^+/+^ DCs for 48 h. Apoptosis was detected using flow cytometry. The AIRE-overexpressing DCs induced apoptosis of auto-reactive CD4^+^ T cells to induce their tolerance. A similar method was used for co-culture for 48 h, followed by insulin stimulation for 24 h. The number of IFN^+^ T cells among the CD4^+^ T cells was detected using flow cytometry. The AIRE-transfected DCs induced the functional inactivation of CD4^+^ T cells \[[@B3], [@B28]\]. In summary, AIRE-overexpressing DCs maintain CD4^+^ T cell tolerance by inducing both the functional inactivation of these cells and the apoptosis of auto-reactive CD4^+^ T cells.

Gardner et al. \[[@B22]\] discovered peripheral-tissue antigen (PTA) transcripts in stromal cells in the lymph nodes and spleen. At least some of these cells expressed the AIRE protein. Transgenes targeting antigens of peripheral stromal cells can induce persistent contact with T cells, induce their complete activation, and then cause their death, indicating that stromal cells in peripheral lymphoid organs can directly present transgene-encoded antigens to T cells to cause the death of activation-induced cells \[[@B25]\].

AIRE in DCs can also influence the differentiation of CD4^+^ T cell subsets by regulating cytokine secretion to regulate immune responses and self-tolerance. Studies by our group on AIRE-overexpressing BMDCs showed that AIRE might induce Treg and Th2 differentiation by promoting transforming growth factor *β* (TGF-*β*) and IL-4 production in BMDCs and decreasing Th1, Th17, Th22, and T~FH~ differentiation through the inhibition of IL-12, TNF-*α*, and IL-6 production, which induces immune tolerance \[[@B28]\].

Among the CD4^+^ T cell subsets, Tregs play critical roles in the induction of tolerance. To investigate the functions of Tregs, one study performed double-thymus transplant and splenocyte transfer experiments. The results indicated that AIRE^−/−^ mice did not develop multiple autoimmune diseases due to the lack of Treg activity \[[@B32]\]. Our previous study also showed that AIRE-overexpressing RAW264.7 macrophage cells co-cultured with splenocytes increased the percentage of CD4^+^ Foxp3^+^ Treg cells. This promotion function directly affected the percentage of CD4^+^ Foxp3^+^ Treg cells through cell--cell contact \[[@B37]\].

Furthermore, as a novel T cell subtype, T~FH~ participates in humoral immunity and exerts its function mainly by regulating the composition of germinal centres and cell responses in germinal centres. Some studies have shown that DCs provide a combination of co-stimulatory signals (inducible co-stimulators (ICOSs)), induction of transcription factor BCL-6 expression, and cytokine-mediated signals (IL-6) to guide T~FH~ cell development \[[@B38]\], which can be further maintained through the autocrine IL-21 pathway \[[@B39]\]. The study of Evelina et al. on AIRE^−/−^ mice showed that up-regulation of ICOS ligand (ICOSL) expression in 33D1^+^ DCs specifically promoted T~FH~ proliferation compared with proliferation in the WT mice. The excessive activation of B cells preserved in splenic follicles resulted from the reduction of CXCL12 secretion by AIRE^−/−^ 33D1^+^ DCs, which also directly mediated T~FH~ proliferation \[[@B40]\].

In summary, similar to central tolerance, peripheral DCs that express AIRE can regulate peripheral tolerance through two possible routes. First, they can promote the apoptosis of auto-reactive CD4^+^ T cells to maintain the tolerance status. Second, they can induce the differentiation of CD4^+^ T cells to mediate T cell responses and induce immune tolerance.

4. Conclusion and Outlook {#sec4}
=========================

The peripheral functions of AIRE may even be more diverse than its central functions are. First, the types of peripheral tissues and cells with AIRE distributions are more extensive, and the corresponding functions are more diverse. Next, in addition to regulating TSA expression to induce the apoptosis of auto-reactive T cells and the production of Tregs, peripheral AIRE can induce peripheral tolerance by regulating TLR expression in APCs and the maturation status of APCs. The potential diverse functions of peripheral AIRE enrich AIRE-related studies and provide more targets as entry points for treating autoimmune diseases using AIRE. However, most of the above peripheral functions of AIRE are obtained from *in vitro* experiments, for the clear roles of AIRE in the periphery still require more studies *in vivo* as well as other evidences to support them. In addition, the specific mechanisms of AIRE in the periphery and whether AIRE has other functions in peripheral tolerance are not clear; therefore, more relevant research is needed in this area.

Conflicts of Interest
=====================

The authors declare that they have no conflicts of interest.

![The role of AIRE in macrophage and dendritic cells *in vitro.*](JIR2018-3930750.001){#fig1}

[^1]: Academic Editor: Nejat K. Egilmez
